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ABSTRACT. The influence of the protein on the nonplanarity of the macrocycle for nickel(ll)-reconstituted
cytochromec (NiCyt-c) has been investigated with pH-dependent resonance Raman andititMe
absorption spectroscopy and molecular mechanics calculations. The spectra reveal that N@xyt-
neutral pH has axially coordinated Ni, but below pH 3 and above pH 12, four-coordinate species
predominate. The shape of the structure-sensitive Ramaninaf NiCyt-c is asymmetric and broad

and it changes with pH. This broad line can be decomposed well into at least two sublines, a low-
frequency line that results from a nonplanar conformer and a high-frequency line that arises from a nearly
planar conformer. Upon lowering the pH from 3.0 to 1.0, the amount of the nonplanar conformer decreases
relative to that of the planar conformer. The decreased nonplanarity can be accounted for in terms of the
disruption of a hydrogen-bonding network in the peptide backbone upon lowering the pH. Molecular
mechanics (MM) calculations on iron(lll) and nickel(ll) microperoxidase 5 (MP-5) as well as some model
heme derivatives have been carried out in order to locate the part of the protein that causes the heme
distortion observed in the X-ray crystal structures of cytochromeshe energy-optimized structures of
MP-5 and the model compounds were analyzed using the normal-coordinate structural decomposition
method to specify and quantify the out-of-plane macrocyclic distortions. MM calculations for MP-5 show
that two hydrogen bonds formed between the amide groups in the peptide backbone are important in
maintaining the ruffled deformation of the macrocycle. All evidence presented supports the hypothesis
that the nonplanar distortion of the porphyrin of cytochroméslargely maintained by a relatively small
protein segment including the cysteines, the amino acids between the cysteines, and the adjacent histidine
ligand. Hydrogen bonding within the backbone of this segment is important in maintaining the
conformation of the peptide that induces the porphyrin distortion.

It has been recognized recently that the hemes in manyof nonplanar distortions of the heme is also emphasized by
hemoproteins are highly distorted from planarity and that recent studies of model porphyrins showing that hemes are
their nonplanar distortions might play a role in their expected to be nearly planar in the absence of the protein
biological function {—7). For example, in related photo- moiety; i.e., the nonplanar distortions of the porphyrin
synthetic proteins, nonplanar distortions have been suggesteanacrocycle are induced by the protein environm@&ntLQ,
to influence redox properties of chlorophyll pigments, with 11). It is reasonable to suggest that changes in the protein
consequent effects on electron-transfer rates in photosynthetieanoiety may influence the nonplanarity of the macrocycle,
reaction centers and antennae comple&gs ore recently, and protein-induced changes in the nonplanarity may provide
by using a new method for characterizing and quantifying a mechanism for protein modulation of biological properties.
these distortions, our group has found that these distortions e of the approaches used in determining the functional
are often of different types for proteins with different gjgnificance of nonplanar heme distortions in proteins is to
functions, and the types of distortion are conserved for yg|ate the protein’s primary, secondary, and tertiary structure
proteins isolated from different specie §). This suggests 4 the establishment of a particular heme conformation. In
even more strongly that the blologlcallfunctlon of hemo- s regard, many nonplanar model porphyrins, in which the
proteins might be modulated by protein control over the gegree of nonplanarity depends on the extent of steric
conformation of the heme prosthetic group. The importance ¢4y ding of the peripheral substituents, have been investi-
gated to simulate the role of the protein environment in
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choice for three reasons: first, NiCgtias the same tertiary  Nickel was then incorporated into the metal-free €yt-
structure as the native protein as judged by electrophoreticaccording to the procedure of Findlay and ChigB)( An
mobility and helicity 3); second, a great deal of information equal volume of a solution of 0.2 M nickel acetate, 0.6 M
on model nonplanar nickel porphyrins is available to aid in glycyl glycine, al 4 M KSCH at pH 7 was mixed with 0.2
interpreting the spectral results reliably—5, 13, 17, 18, mM iron-free Cyte. The solution was incubated at 7C
21, 22); and third and most important, the presence of nickel for 20—25 min, during which time the reaction was
instead of iron ensures that the proximal histidine will not monitored by changes in the absorption spectra. The reaction
be coordinated to the metal in the low- and high-pH regions, was stopped by dialysis against water &C} The protein
thus reducing the ambiguity caused by axial ligation in was purified by a Diaflo protein concentrator.
interpreting the spectroscopic results. All of these conse- Solutions of the protein at different pH values were used
guences of nickel replacement help to simplify the spectro- for obtaining spectra. The solutions used in this work are
scopic features and allow us to focus on the influence of the buffered with phosphate (p# 3.0). Different pH values
protein environment on the porphyrin macrocyclic distortion. of the sample solutions were adjusted by KOH or HCI. For
Alteration of the solution pH changes the folding state of pH below 3.0, the buffer used is KCI solutions adjusted with
iron cytochromeg. Upon lowering of the pH, the protein  HCI. The NiCyt< solutions are stable in air and do not
becomes progressively less folded in the native tertiary photodecompose except above pH 12.
structure, which ultimately results in a less established Nickel(ll) protoporphyrin IX (NiProtoP) was obtained
secondary structure as well4—27). These conformational  from Porphyrin Products and used without further purifica-
changes of the protein may then have an effect on the out-tion. All solvents were of the highest purity obtainable from
of-plane conformation of the porphyrin. In this work, pH- commercial sources (Aldrich Chemical Co.).
dependent resonance Raman (RR) and-Wigible absorp- UV—Visible Absorption SpectroscopyJV —visible ab-
tion spectra of NiCyt were obtained to elucidate the sorption spectra were measured with an HP8452 diode array
capacity of the heme environment to induce nonplanar hemespectrophotometer (Hewlett-Packard). For conformational
distortions. By utilizing different states of partial protein transition measurements, Soret absorption spectra of NiCyt-
unfolding, various heme-protein interactions are eliminated. were obtained at protein concentrations of (A8 with a
The resulting protein-induced changes in the nonplanarity 0.5-cm path length cell. The protein concentration was
are evaluated by analyzing the frequency shifts and banddetermined spectrophotometrically. The extinction coef-
shape changes of the structure-sensitive Raman lines, espdficient of 150.6 mM* cm at 425 nm was used to calculate
cially vio. These structure-sensitive Raman lines depend the concentration of NiCyt-(24). During the titration, the
strongly on the degree of nonplanarity of the porphyrin chloride concentration was maintained between 0.46 and 0.50
macrocycle, and the band shape of these structure-sensitivéVl. Absorbance values were corrected for dilution resulting
lines provide information about structural heterogeneity if from the addition of the concentrated KOH solution. Protein
present {0, 28, 29). RR spectroscopy has proven to be one samples at different pH values were prepared before mea-
of the best probes of the nonplanar conformation of the surement and used as soon as possible. The pH of the
porphyrin in solution. In fact, it was the first technique to NiCyt-c samples was measured with a Fisher Accumet Model
detect, and the only method currently known that can 50 pH meter. All spectra were taken at room temperature.
measure, the conformational equilibrium between coexisting The peak positions of the absorption bands were obtained
planar and nonplanar forms of metal porphyrins in solution by fitting the absorption spectra with Gaussian or Lorentzian
(10, 22, 28, 29). lines. The estimated error in the relative band positions is
Another feature of the current work is the use of molecular £1 nm.
mechanics (MM) calculations to identify and quantify the Resonance Raman Spectrosco3R spectra were ob-
interactions between the heme and the protein that give risetained using a dual-channel spectrometer described previ-
to the nonplanar distortions. For the cytochromegsa ously 31). The solution spectra of porphyrin or NiCgt-
specific pentapeptide segment including the cysteines andand reference compounds were obtained simultaneously in
the proximal histidine is thought to be involved in causing separate compartments of a cylindrical rotating quartz cell.
the out-of-plane distortion9j. Thus, the heme and this Rotation of the Raman cell at 50 Hz prevented local heating
specific covalently attached protein segment were energy-of the sample even with incident laser powers as high as
minimized to predict the structure of the macrocycle. The 100 mW. A krypton ion laser (Coherent, INNOVA 20)
peptide segment length was varied and various interactionsprovided the excitation wavelength (413.1 nm) in the Soret
between the heme and protein and within the protein band regions of the absorption spectrum. The scattered light
component itself (e.g., hydrogen bonding) were turned on was collected in the 30scattering geometry. Polarized
or off in the energy minimization to examine their influence spectra were measured by passing the scattered light through

on heme structure. a Polaroid sheet oriented parallel or perpendicular to the
incident-light polarization vector followed by a scrambler
MATERIALS AND METHODS in front of the spectrometer entrance slit. The slit width of

Materials. Nickel-reconstituted Cy&was prepared as the spectrometer gave a spectral resolution of 5'dior all
follows: Horse heart Cyt (Sigma Chemical Co.) was SPEectra.

depleted of iron and purified as previously describag).( The solution samples were added to each side of a two-
compartment Raman cell. Laser powers were 60 mW at the

! Abbreviations: Cyte, cytochromes: RR, resonance Raman: MP- quartz cell. On each scan of the range from 1300 to 1700

: : ; ” -1 i
5, microperoxidase 5; NSD, normal-coordinate structural decomposition; CM . counts were accumulatedrfh s ateach point of the
ProtoP, protoporphyrin IX; CTAB, cetyltrimethylammonium bromide. ~ spectrum for which the spectrometer step size was 0:3 cm
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for each data point. All Raman spectra were taken at room A

temperature. Sample integrity was monitored by examination 428

pH 2.84_ 396 pH 4.00

of selected single scans of the Raman spectrum obtained o254 ¢

during signal averaging and by UWisible absorption
spectra taken before and after exposure to laser light. No
degradation of the sample was observed for all measure-
ments.
The frequency calibration of the solution spectra in the

region above 900 cm was carried out by using the 1373.3- P NN
cm! line of NiTPP in carbon disulfide. The spectra of s l . . Miiasasas
NiTPP were calibrated with the 992.0-ciline of benzene

o l 0.8

(32). Additionally, all spectra were corrected for nonlinearity
of the spectrometer to obtain the absolute frequency position
of the lines.

The peak positions and full line widths of the Raman lines
were obtained by decomposing the Raman spectra into
Lorentzian line shapes using a nonlinear least-squares curve-
fitting program (PeakFit, Jandel Scientific) in which the peak
frequency, peak intensity, line width, and a linear background
were allowed to vary. The;o Raman line of NiCyte at
low pH showed anomalously broad, asymmetric line shapes;
thus, two Lorentzian components were used in fitting this
line.

Molecular Mechanics CalculationsMolecular mechanics . . . . . .
calculations were carried out using POLYGRAF (version 340 360 380 400 420 440 460 430
3.21) software (Molecular Simulation, Inc.) and displayed
on a Silicon Graphics workstation. The force constants were
based on a normal coordinate analysis for NIOBB—<36) FiGUrRe 1: Soret band rggion of the absorption spectrum of Ni€yt-
and the DREIDING Il force field 7). Equilibrium bond &t different pH values [in panel BCY) pH 0.46; () pH 1.03; &)

dist les. torsi di - diusted t(gH 1.64; () pH 2.84]. The inset in panel B indicates the absorbance
IStances, angies, torsions, and INVersions were adjusted Gy 404 nm 4) as a function of pH at constant chloride concentration

reproduce the crystal structure of the triclinic B form of for NiCyt-c. Labels 1V indicate four different states of NiCy-
NIOEP (38), using a force field optimization routine. The in solution. There are three transitions between these four states,

force field for nickel porphyrins has been described in detail i-€., state V<> state lll with K, = 3.5, state lll~> state Il with
elsewhere13) and has been adapted for other meta).(  PKa= 2.0, and state It> state | with fa = 1.1.
Partial atomic charges used in determining the contribution
of the electrostatic energy to the total energy were calculated
using the charge equilibration method of Rappe Goddard
(39). Electrostatic charges were updated periodically during
the energy minimizations. Recently, molecular modeling of
porphyrins has reached new levels of accuracy in the
calculation of porphyrin structures and conformational ener-
gies using a modified version of the force fiel@2f. The
main modification was the 50% reduction in the out-of-plane
force constants. This improved version of the force field is ESULTS
used here, except that a dielectric constant of 79 was usetﬁ
to mimic the solvent environment. Optical Absorption SpectraThez—a* transitions of the
Normal-Coordinate Structural Decompositiod method macrocycle give rise to the bands in the UMsible region
for classifying and guantifying the out-of-plane and in-plane of the absorption spectrum, including the B (Soret) band near
distortions of the porphyrin macrocycle has been developed400 nm and the Qo andf) bands in the red region of the
by Jentzen and Shelnu#@. In its simplest form, the NSD  visible spectrum. At neutral pH, NiCyt-has theo., 3, and
method uses a linear combination of the six lowest-frequency Soret band absorption maxima at 579, 546, and 428 nm,
out-of-plane normal coordinates of the macrocycle, one of respectively. At pH extremes (pH 1.0 and 13.3), the Soret
each Ds, symmetry type, to simulate the macrocyclic bands of NiCyte are blue-shifted about 30 nm compared to
distortion. In most cases, macrocyclic distortions can be that of the protein at neutral pH, as observed previou&dy. (
described adequately by summing displacements along thesd he o. and 8 bands exhibit similar blue shifts, and the
six out-of-plane normal coordinates denotad] ruf, dom intensity ratio of the/a. bands inverts for NiCyt at neutral
waw(x), wav(y), andpro. Pure displacements along these pH compared to the pH extreme23].
coordinates correspond to the commonly observed symmetric The loss of the axial ligands in acidic solutio®3], as
deformations seen in X-ray crystal structures. The amountswell as two additional acidic conformational transitions of
of the saddling ad, ruffling (ruf), doming @on), waving NiCyt-c, have been identified in the present work. Figure 1
[wav(x) and wau(y)], and propellering ffro) deformation shows the results of titration of NiCwtin the Soret band
types required to simulate the observed out-of-plane distor-region for the pH range from pH 0.5 to 7.0. The two Soret
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tions of the porphyrin macrocycle are determined for a given
structure by the NSD procedure. The NSD method has been
successfully used in decomposing and analyzing the struc-
tures of hemes of proteins in the Protein Data Ba)kafd

of synthetic porphyrins22). In this work, the energy-
minimized structures of MP-5 and porphyrin model com-
pounds were analyzed using the NSD method to classify and
quantify their out-of-plane distortions.
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(A) and NiCyt< at pH 3.9 (B), 7.0 (C), 9.0 (D), and 11.0 (E) with

Ficure 2: Resonance Raman spectra of NiProtoP in CTAB micelles 413.1-nm excitation.iy', v3', vo', andv,g are structure-sensitive
(A) and NiCytc at pH 1.0 (B), 2.0 (C), and 3.0 (D) with 413.1-nm  Raman lines of the axial-ligated specieg;andv, are structure-
excitation. sensitive Raman lines of the four-coordinate species.)

bands found in the pH range from pH 2.8 to 4.0 are at 396 the structure-sensitive Raman lines includingvs, v,, and
nm, corresponding to four-coordinate NiGytand at 428 v1p are within this spectral region. These lines are labeled
nm, corresponding to the axially ligated form. The transition according to the normal coordinate analysis of NiOBB(
occurring in the pH region from 4.0 to 2.8 with increasing 36) and correspond to in-plane skeletal vibrations of the
intensity of the Soret band at 396 nm previously observed macrocycle havind\;g andB,y Ssymmetries in th@®a, point-
by Findlay and ChienZ3) corresponds to the loss of axial group representation.
ligands. Large downshifts in the Raman line frequencies are
Examination of the Soret bands of NiCgtat the four observed in the near neutral pH forms of NiQy{Figure
different pH values shown in Figure 1B shows that additional 3B—D) relative to the protein at lower pH (Figure 2iB).
changes occur in this very low pH region. In particular, the For NiCyt-c at near neutral pH, the frequencies of the Raman
Soret band at pH 0.5 is broader than that for the other threemarker lines,v,, v;, andv, are downshifted by about 14,
pH values. In addition, the absorbance at 404 nm decrease87, and 21 cm! compared to NiCyt at pH extremes (Figure
significantly as the pH is raised from 0.5 to 2.8. Itis thought 2B). AtpH 1.0, 2.0, and 3.0 (Figure 2 panels B, C, and D),
that at least two forms exist in this pH range on the basis of the frequencies of, andv; for NiCyt-c are close to those
these spectra. These two forms are both four-coordinate andbserved for NiProtoP in CTAB micelles (Figure 2A), which
probably differ in the conformation of the porphyrin mac- is a four-coordinate mode#il). The frequencies of, and
rocycle. To inspect this conformational transition more wv3for NiCyt-c at near neutral pH are close to those observed
clearly, we plotted the absorbance at 404 nm in the pH rangefor NiProtoP in pyrrolidine (Figure 3A), which is a six-
from 0.5 to 5.8 as shown in the inset in Figure 1B. It is coordinate model4l). The spectra of NiCyt at pH 3.9
clear from the inset that the acidic pH transition of Ni@yt- and 11.0 both show twe; lines (1480 and 1517 cm) and
in the presence of chloride at constant concentration is atwo v, lines (1577 and 1598 cm) that correspond to the
three-step, four-species process, i.e., state-l'gtate Il < axially ligated and four-coordinate forms of NiCgt-re-
state Il < state I, with K;s of about 3.5, 2.0, and 1.1, spectively.
respectively. State IV corresponds to the axial-ligated The frequencies of, of NiCyt-c at pH 1.0, 2.0, and 3.0
species of NiCyg, while states Ill, Il, and | are four-  exhibit small upshifts ¢ 5 cm™) compared to the model
coordinate and differ in the conformation of the porphyrin. compound (Figure 2). This can be accounted for by the
Resonance Raman Spectr&igure 2 shows the high-  reduction of two vinyls of the heme in Cyt- Reduction of
frequency region of the RR spectra of NiQyat pH 1.0, the vinyls leads to decoupling of the mode and the vinyl
2.0, and 3.0 and NiProtoP in CTAB micelles. The RR stretching mode and results in a frequency increase; of
spectra of NiCyte at pH 3.9, 7.0, 9.0, and 11.0 and NiProtoP (42, 43). These upshifts of the, mode are also observed
in pyrrolidine are shown in Figure 3. The frequencies of in the spectra of NiCytat pH 3.9, 7.0, 9.0, and 11.0 (Figure
major Raman lines of these spectra are indicated. Most of 3B—E) relative to the spectrum of six-coordinate models
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Table 1: Frequencies and Other Spectral Parameters forghéne of the Four-Coordinate Sites of Nickel-Reconstituted Cytochroraed
Ni Protoporphyrin X

frequency (cm?) line width relative areas/(q"™/vidP)
NiCyt-c NiCyt-c NiCyt-c NiCyt-c NiCyt-c NiCyt-c
mode NiPP (pH 1.0) (pH 3.0) NiPP (pH 1.0) (pH 3.0) NiPP  (pH1.0) (pH 3.0)

v10™P 1652.8+ 0.2 1646.7£ 0.6 1645.9£ 0.4 12.7£0.3 20.9£ 0.7 254+ 0.6
0.6 2.1 3.8
1o 1659.9+ 0.1 1659.8+ 0.4 1659.9+ 0.3 1r 11° 11°

aThe errors indicated represent confidence levels for the least-squares fits, not truebdinerspectrum was taken in CTAB micellésThe
line width was fixed in the curve fittingv1g™ is the vy line of the nonplanar conformer;® is the vy line of the nearly planar conformer.

Raman Intensity (arb.units)

Raman Intensity (arb. units)

1 ] 1 1 i 1
- : . = : - = 1560 1580 1600 1620 1640 1660 1680 1700
1540 1560 1580 1600 1620 1640 1660 1680 1700 Frequency (cm™)

Frequency (cm™) FiGure 5: Lorentzian decomposition of thgo resonance Raman

FIGURE 4: Lorentzian decomposition of the, resonance Raman  line in the perpendicularly polarized RR spectra of NiCytaken
lines in the spectra of NiProtoP in CTAB micelles (A) and Ni@yt- &t PH 1.0 (A) and 3.0 (B). The line width of the high-frequency
at pH 1.0 (B) and 3.0 (C). The line width of the high-frequency component of/;o was f_|xed at 11 cm_l. All other line parameters
component ofr1o was fixed at 11 cm?. All other line parameters ~ Were allowed to vary in the curve fit.
were allowed to vary in the curve fit. Spectra B and C were obtained
simultaneously on the Raman difference spectrometer with 413.1- the high-frequency component was fixed at 11-¢mvhile
nm excitation. all other line parameters were allowed to vary. This 11-

) _ o ) _ cm ! width is reasonable for a planar conformer in solution
such as NiProtoP in pyrrolidine (Figure 3A). These upshifts (5 29) and is comparable to the width observed for Raman

are also observed for nickel mesoporphyrin model. ( spectra of crystals of metal octaethylporphyrib6)( Best-
In comparison with the four-coordinate model compound, fit parameters fowig are given in Table 1. The trend in the
the line shapes afs, v,, andvi for NiCyt-c at pH 1.0, 2.0, intensity ratios is an increase of the ratio with pH, and this

and 3.0 are broader and more asymmetric. This broadeningtrend holds for other Raman spectra (not shown), e.g., spectra
indicates structural heterogeneity of NiGQytn solution. The taken at intermediate pH values between 1 and 3. Particu-
spectral trend in this structural heterogeneity with pH is very larly convincing is the spectral decomposition of the
interesting. Unfortunately, only the,, region of the perpendicularly polarized spectra in the 156700 cnt?
spectrum is suitable for spectral analysis, since/tiregion region shown in Figure 5. The intensity of is greatly
suffers from spectral crowding ang is relatively less reduced relative te in these spectra, thus improving the
sensitive to porphyrin nonplanarity tham,. Upon raising line-shape analysis. In these spectra, the trend toward
of the pH from 1.0 to 3.0, the line shape of, becomes  decreasing nonplanarity at low pH (pH 1) is unambiguous,
more asymmetric; thus, a more detailed examination of the even without the aid of spectral decompositions. At pH 1,
composition of thev,g line was then undertaken. Figure 4 the nonplanar-to-planar ratio of the components vef
shows the Lorentzian decomposition of the 154@00 cnt? obtained from the spectral decompositions is decreased by
region of the spectra of NiCyt-at pH 1.0 and 3.0 obtained about a factor of 2 compared to the ratio at pH 3.
simultaneously at 413.1-nm excitation using the dual-channel The intensity of the Raman line at 1561 chiFigure 2B)
Raman spectrometer. The Lorentzian decomposition of thedecreases as the pH is raised from 1.0 to 3.0. The assignment
RR spectrum of NiProtoP in CTAB micelles is also shown of this line is not definite at present, but it may be related to
for comparison. In curve fitting, the line width of for the conformational change of the thioether and other sub-
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FiGURE 6: Representation of energy-minimized structures of Fe-
(I ProtoP (A), Fe(lll) ProtoP-di(methylthioether) (B), Fe(lll)
MP-5 with unbound histidine (C), and Fe(lll) MP-5 with bound
histidine (D) showing effects of various 2- and 4- substituents and
interactions on the &-N—N—C, ruffling dihedral angle of opposite
pyrrole planes. The numbers shown are the ruffling dihedral angles.

stituents of the porphyrin. However, it is probably ng{
since the line is polarized.
The low-frequency region between 200 and 500 tm
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Table 2: Energies and Structure Parameters for Energy-Optimized
Fe(lll) and Ni(ll) Microperoxidase 5 (MP-5) and Model Compounds

core twist N—M-—N

H energy size angle angle

porphyrirt  histidine bond$ (kcal/mol) (&) (deg) (deg)

Fe(lll) MP-5°  bound on 162.8 1.9998 14.1 176.8

off 172.1 2.0015 12.0 176.6

unbound on 161.3 2.0028 9.7 177.2

off 171.1 2.0040 8.6 177.2

Fe(lll)ProtoP- 126.3 2.0073 2.2 179.7
methylsulfidé

Fe(lll)ProtoP 127.3 2.0072 0.3 179.8

Ni(ll) MP-5¢  unbound on 165.4 1.9397 24.0 179.2

off 175.1 1.9424 21.9 178.5

aThe initial structures used in the calculations were obtained from
the X-ray crystal structure of horse heart ferricytochromé The
hydrogen bonds among amino acid residues were either kept (turned
on) or omitted (turned off) in the minimizatioA Amino acid sequence
is -Cys14-Alal5-GIn16-Cys17-His18!The vinyl groups of Fe(lll)-
ProtoP were modified by two methylthioether groups.

lustrated in Figure 6. The influences of the histidine ligand
on the nonplanarity of the porphyrin macrocycle are evalu-
ated by deleting the Fehistidine bond in some energy
minimizations.

Nonbonding interactions between the protein and macro-
cycle, namely, electrostatic, hydrogen bonding, and van der
Waals interactions, are also expected to be important in
determining the types, the magnitudes, and the relative
energies of the distortions. To directly address the distortion
effect of hydrogen bonding in the peptide, we also carried
out calculations in which the hydrogen bonds were turned
on or off for Fe(lll) and Ni(ll) MP-5. The calculated
structural parameters for Fe(lll) and Ni(ll) MP-5 and the
model Fe(lll) porphyrins are summarized in Table 2.

The initial structures of MP-5 used in MM calculations
were built according to the X-ray crystal structure of horse
heart ferricytochrome by deleting the peptide except for
the CAQCH pentapeptide unit attached to the heme. The
heme-pentapeptide and model compounds were energy-
optimized and the resulting nonplanar macrocycle conforma-
tion is measured by several parameters. ThéVN-N bond
angle across the porphyrin (opposite pyrrole nitrogens) is
related to the amount of pyrrole tilting in the saddlirsgg
and doming don) distortions of the metalloporphyrin. In
the sad form, the mesecarbons () remain in the mean
porphyrin plane and the pyrrole rings are alternately displaced
above and below the mean plane. The rufflingf) of the
macrocycle, induced by opposite twisting of the pyrroles

contains numerous pH-dependent changes; some, like theabout the M-N bonds, is measured by the €N—N—-C,

changes invg, are consistent with the structural change
indicated by the high-frequency structural marker lines. The
low-frequency region will be the focus of a forthcoming

paper.

Molecular Mechanics Calculations and Normal-Coordi-
nate Structural DecompositionsMM calculations greatly
aid in locating the protein forces that maintain the nonplanar
macrocyclic distortion. To evaluate the effect of the various
influences on the porphyrin macrocycle of NiGytwe
carried out MM calculations on hypothetical Fe(lll) microp-

eroxidase (MP) and model compounds [ProtoP and ProtoP-

di(methylthioether)] that vary in the size and properties of

dihedral angles, called the twist angle in Table 2. These
two angles quantify these general types of distortion observed
in metalloporphyrins19, 44). The core size as defined here
is the projection of the MN bond into the average plane
of the macrocycle.

The effects of the attached protein segment on the heme
distortion are illustrated in Figure 6. First, panel A of Figure
6 shows the energy-optimized structure of Fe(lll)ProtoP,
which is almost planar (average pyrrole ruffling dihedral
angle is less than°l. Panel B shows the effect of thioether
modifications of the vinyl substituents of Fe(lll)ProtoP. The
macrocycle is slightly more distorted than that of Fe(lll)-

the segment covalently attached to the macrocycle. TheProtoP because of the increased bulkiness of the substituents

energy-minimized structures of these compounds are il-

(average pyrrole ruffling dihedral angle is 202 Panel C in
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Table 3: Out-of-Plane Displacements of the Minimal Basis for the Energy-Minimized Structures of Fe(lll) MP-5, Ni(ll) MP-5, Model
Compounds, and the Horse Cytochrom€rystal Structure

H out-of-plane displacements (A)
conformef histidine bond$ Doog ruf sad dom wa(x) wav(y) pro
cytochromec 1.049 1.004 —0.224 —0.020 0.122 0.161 —0.022
Fe(lll) MP-5 bound on 0.763 0.682 0.301 0.069 0.071 0.108 0.072
off 0.767 0.582 0.487 0.016 —0.007 0.095 0.059
unbound on 0.540 0.471 0.027 0.188 0.120 0.122 0.065
off 0.477 0.418 0.146 0.135 0.043 0.083 0.068
Fe(lll)ProtoP- 0.136 —0.104 0.063 0.009 —0.043 0.011 0.041
methylsulfide
Fe(Ill)ProtoP 0.068 0.002 0.036 —0.006 —0.025 0.052 0.000
Ni(ll) MP-5 unbound on 1.165 1.144 0.152 0.113 0.053 0.064 0.077
off 1.108 1.049 0.336 0.075 —0.015 0.056 0.067

2| egends are the same as in Table Simulated total out-of-plane displacement.

Figure 6 shows the effect of the CAQCH pentapeptide unit indicated by the total root square out-of-plane displacement
on the heme conformation where the His-Fe bond is absent(0.068 A). After thioether modifications of the vinyl
(ruffling angle is 9.7). And finally, panel D shows the effect  substituents of Fe(lll)ProtoP, the macrocycle becomes more
of the pentapeptide unit when the HiEe bond is present.  distorted Doop = 0.136 A). Upon examination of the out-
In the latter case, the ruffling angle is 14, Yery close to of-plane displacement for the types of deformation, one finds
the average ruffling angle for all of the available X-ray crystal that ruffling is already the major contributor-0.104 A) to
structures of the mitochondrial cytochrome$8). the distortion. Furthermore, with the CAQCH pentapeptide
Ana|ysis of the pyrro]e twist ang]es (see Table 2) for the attaChed, the total OUt'Of-plane diSpIacement increases Sig'
energy-minimized structures of Fe(lll) and Ni(ll) MP-5 and  hificantly (Doop > 0.477 A). Adding Fe-His bond and the
the model compounds indicates that, in the absence ofhydrogen bonding in the peptide brings the total distortion
hydrogen bonding, the macrocycle minimizes to a less ruffled t0 0.8 A
conformation than that observed in the presence of hydrogen For both Fe(lll) MP-5 (His bound and unbound) and Ni-
bonding. That is, the twist angle of the macrocycle in the (II) MP-5 (His unbound), the main type of deformation is
absence of the hydrogen bonds is smaller than that of theruf, althoughsadis an important secondary contributor.
macrocycle in the presence of the hydrogen bonds. Thelnterestingly, if one deletes the Hige bond for Fe(lll) MP-
hydrogen-bond effect likely would be even larger were the 5, the saddling displacement decreases drastically (from
solvent (water) molecules included explicitly in the MM 0.301 to 0.027 A) and the ruffling displacement also
calculations. decreases (from 0.682 to 0.471 A). Surprisingly, doming
Ruffling is the major distortion of the heme, but other actually decreases when the histidine is bound. Beih-
structural parameters (core size andM—N angle) in Table ~ (X) andwau(y) are more evident when hydrogen bonding in
2 also illustrate the effects of the attached protein segmentsth® peptide is turned on. The propeller displacements are
on macrocyclic distortion. For Fe(lll) MP-5 and model not significant for all the minimized structures. The NSD
compounds, the core size of each conformer increases adesults @) of the cr_ystal structure of horsc_a heart cytochrome
the ruffling angle decreases, as expected. In addition, the (45) are shown in Table 3 for comparison.
Ni(ll) derivatives have a smaller core size than Fe(lll) MP-5
as expected for the small Ni ion. Also, the—IN—N DISCUSSION

saddling angle changes with increased size of the peptide The Coordination State of NiCyt-c Is pH-Dependetit.
segment; the saddling angle is 179f8r Fe(lll) ProtoP, s well-known that the Soret-band wavelength is sensitive
decreasing to 1768for Fe(lll) MP-5 (His bound). The  to axial ligands of the metal that interact indirectly with the
decrease in the NM—N angle is primarily the result of  7_electron system of the porphyrid3 46, 47). At neutral
increased saddling of the macrocycle. At this point, we can pH, NiCyt-c has its Soret band red-shifted compared to that
conclude that the protein segment makes the macrocyclegf the protein at pH extremes (pH 1.0 and 13.3). &hend
more distorted, increasing the ruffling and saddling. £ bands of the absorption spectra for Ni@yexhibit similar
Actually, the conformation of the porphyrin macrocycle red shifts. By comparison of the absorption spectra of
is a complex mixture of several types of distortions (e.g., NiCyt-c with those of model nickel porphyrins and other
ruffling, saddling, doming, and waving). The NSD method metal-reconstituted heme protei28,(41), the major changes
developed recenthydQ) provides us a means to quantify the in the absorption spectrum can be ascribed to the loss of the
contributions of these out-of-plane deformations to the total histidine ligand at low pH (K, ~ 3.5). More subtle changes
distortion of the macrocycle in detail. The contribution of in the spectrum are also evident. For example, a shoulder
each basic deformatiomJf, sad dom waw(x), wau(y), and on the low-energy side of the Soret band near 420 nm for
pro] to the total distortion of the macrocycle is obtained by NiCyt-c at pH 13.3 may indicate a residual concentration of
decomposing the energy-minimized structures using the NSDan axially ligated species in the denatured proteins. At
method. Table 3 lists the displacements along out-of-plane present we cannot say with certainty whether the methionine
normal coordinates that best simulate (using the minimal ligand is bound or not at neutral pH. It is certainly not bound
basis) 40) the energy-minimized structures. The energy- strongly, as NiCyt binds NO as an axial ligand, most likely
minimized structure of Fe(lll)ProtoP is almost planar as displacing the methionine if boun@3). In fact, NO does
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not displace pyridine in model nickel porphyrins in neat secondary structure and altered axial coordination. State Il
pyridine. In addition, the blue shift of the Soret-band has high-spin six-coordinate heme with the histidine and a
maximum relative to some other six-coordinate models water molecule as ligands. Statdad five-coordinate with
suggests that the methionine may not be bound and that Nihistidine as the only ligand.
could be five-coordinate. Similar protein conformational states appear in NiCyt-
RR studies of NiCye at different pH values further  First, the X, of the histidine or histidine/methionine ligand
elucidate the pH-dependent change in ligation state. Fromloss occurs at about pH 3.5, thEof the loosening of the
Figures 2 and 3, the frequencies of the Raman marker lines,heme crevice in ferricytochrome(see inset in Figure 1B).
v4, v3, and vy, for the neutral pH form of NiCyt are Second, it was thought that statesdihd Lk might also occur
downshifted by 14, 37, and 21 ct respectively, compared in the nickel protein, disrupting the secondary structure and
to the protein at pH extremes. It has already been shownweakening the hydrogen bonding within the peptide as occurs
that the pattern of shifts occurring upon addition of ligands for the native protein. In particular, we reasoned that
is one of large shifts to low frequency for the structure- disruption of the hydrogen bonds would lengthen the
sensitive marker-lines—{40 cnT?, v;g) and a somewhat CAQCH segment and possibly decrease the degree of
smaller shift for the oxidation-state marker limg also to nonplanarity of the porphyrin macrocycle, in accordance with
low frequency 14 cnt?l) (41) (Figure 2A and 3A). A the molecular mechanics calculations. Indeed, changes in
comparison of four-coordinate frequencies with those for the structure of the four-coordinate nickel porphyrin in
NiCyt-c at pH 7 shows that the shifts are near those expectedNiCyt-c are evident in the Soret-band spectral changes in
if o-donating axial ligands are added. Furthermore, the the low pH region from pH 0.5 to 2.8 (Figure 1B). These
presence of components®@fandv, from both axially ligated spectral changes clearly indicate that similar protein con-
and unligated species at pH 3.9 and 11.0 show that bothformational states exist regardless of the metal. In addition,
species of NiCyt coexist in solution at these pH values. the absorption spectrum changes in this pH range can be
At neutral pH, the axial-ligated species of the protein ascribed to increased occupation of a near planar porphyrin
overwhelmingly dominates. conformer as the pH is lowered, consistent with the RR
NiCyt-c and Natie Ferricytochrome ¢ Exhibit Similar  spectra (vide infra). However, it should be noted that more
Acidic Conformational TransitionsDisruption of hydrogen planar forms are usually associated with a blue shift in the
bonding in the peptide backbone at low pH may account for Soret band, not a red shift as seen in the very low pH spectra
the decreased nonplanar distortion of the macrocycle. Acid- of Figure 1B.
induced folding and unfolding of cytochromeshas been The Amount of the Nonplanar NiCyt-c Conformer De-
studied by several researchegel{27, 48, 49). For mito- creases Relate to That of the Planar Conformer As the
chondrial cytochromes a single heme is covalently attached pH Is Lowered The spectral region shown in Figure 4
to the polypeptide by two thioether bridges. In the crystalline contains the Raman line;p that is most sensitive to
state, the polypeptide chain is folded about the heme, formingnonplanar distortion of the porphyrin. The region of the
a nearly spherical molecule with a hydrophobic interior and spectrum near; is not complicated by spectral crowding,
a hydrophilic exterior§0). Hydrogen bonding in the peptide as is the rest of the region. Anticipating the presence of
backbone is believed to be important in maintaining the multiple forms as the cause of the broadness,gfwe have
secondary and tertiary structure of the protein. In globular resolvedv,q into two sublines as shown (solid lines). The
proteins, most hydrogen bonds are between backbone atomsigh-frequency subline is associated with a nearly planar
(average of 68%) and most proteins have extensive hydrogenform based on its frequency (1660 clj the low-frequency
bonded secondary structure (average of 82%d).( The sublines are associated with nonplanar forms. Although the
native conformation of cytochromesn solution as deduced  resonance excitation difference, resulting from the different
by a variety of physical and chemical measurements is absorption spectra of the conformers, influences the relative
generally the same as that described for the crystalline statentensities and thus estimates of concentration, it is clear that
(24). Addition of acid to the native protein causes a both planar and nonplanar forms are very much in evidence
conformational transition from a fully folded environment for the NiProtoP model compound. Similar ratios of
to a partially unfolded protein2(7, 48, 49). The protein is nonplanar-to-planar intensities are observed for other nickel
considered to be less folded than that of the native speciesporphyrin models, including nickel octaethylporphyrin
in which structural elements, typically secondary structural (NIOEP) @9) and nickel tetraphenylporphyrin (NiTPPZ).
units, have been pulled apart somewhat, leading to solvent Most interesting is that the relative intensity of the subline
penetration and enhanced side-chain mobil§)( In some corresponding to the nonplanar form is much greater for
cases, part of the molecule (e.g., the C-terminal region) may NiCyt-c at both pH values than for the model compounds
be fully unfolded (random caoil). (Figure 4). The ratio of intensities (nonplanar/planar) is 0.6
Spectroscopic studies of ferricytochromby others 27) for NiProtoP, 2.1 for NiCyte at pH 1.0, and 3.8 at pH 3.0
have demonstrated the presence of at least four conforma{Table 1). Thus it appears that the equilibrium shifts toward
tional states of the native iron protein in the pH region-0.5 the nearly planar conformer as the secondary structure, i.e.,
7.0. The conversions between the protein conformational the hydrogen bonding in the peptide backbone, becomes less
states Il < lll s, <> Ils < Is occur with K,s of 3.5, 2.2 and  established around pH 1.0. In addition, on the basis of the
1.1. The state Il,is folded in about the same way as native lower frequency of the sublines for NiCgt{1647 cn1?! at
llls, but the heme crevice is loosened. Also, the spin state pH 1.0, 1646 cm® at pH 3.0) compared to NiProtoP (1653
and coordination configuration of L} is similar to that of cm™), the nonplanar conformers of NiCgtare considerably
llls. The two protein forms below pH 3.0 &nd lls, are more nonplanar than the nonplanar conformers of the model
also folded forms, but with smaller degrees of protein compound. It is well-known53) that differences in the
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frequency ofvio are not due to differences in the peripheral structure of Fe(lll) MP-5 (His bound), as can be seen from
substituents. This is apparent also from the near identity of Table 3. However, the rest of the protein apparently has
the frequencies of the nearly planar forms (Table 1). More some effect on the distortion of the macrocycle. For
importantly, the degree of distortion of the macrocycle is example, the negative saddling deformation is not reproduced
slightly smaller at the lower pH, as expected if the hydrogen- by the calculated Fe(lll) MP-5 structure. The saddling
bonding network in the protein secondary structure is deformation probably arises from additional heme interac-
weakened. tions with the protein (e.g., hydrogen bonding to the

It is reasonable to suggest that alteration of the forces thatpropionates) or else from a difference in the conformation
maintain the protein folding will influence the nonplanarity of the pentapeptide segment due to its interaction with the
of the porphyrin macrocycle. On increasing the acidity of rest of the protein. This issue will be addressed in detail in
the solution, residues in the protein become more positively a future report on Ni MP-11 studie4X).

charged. The resulting intramolecular repulsion between the  The importance of the pentapeptide segment including the
positively charged groups leads to unfolding. Initially, cysteines and the proximal histidine in maintaining the heme
mainly the tertiary structure is affected, but at very low pH distortion in cytochromes andc; was suggested by Jentzen,
a relatively extended conformation with a smaller degree of Ma, and Shelnuttd, 40, 56). Specifically, they noted that
protein secondary structure results. This disfavors the the main type of distortion for mitochondrial cytochrontes
optimization of the number and geometry=oN—H-+-O=C< is ruffling. In the cytochromes’, saddling and ruffling are
hydrogen bonds in the peptide backbone. Also, the extendedmore nearly equal, with saddling dominant for five of the
conformation allows the solvent molecules to penetrate into six currently known crystal structure®)( Accordingly,
the interior of the protein and form hydrogen bonds with examination of the crystal structures of the cytochromies
the amide groups on the peptide backbone. The penetratingshowed that the conformation of the pentapeptide segment
solvent molecules compete with the amide groups in forming differs from that in the mitochondrial cytochromeshaving
the hydrogen bonds that maintain the protein secondaryonly one hydrogen bond in the backbone. Thus, they
structure. If this occurs in the covalently linked pentapeptide suggested that the difference in hydrogen bonding could
segment, disruption of these hydrogen bonds can reduce theyccount for the predominance of saddling in the cytochromes
macrocyclic distortion. A similar disruption of the hydrogen- ¢ as opposed to ruffling for the mitochondrial cytochromes
bonding network in the heme pocket is noted in hydrogen ¢, Upon examination of the energy-minimized structure of
deuterium exchange experiments with cytochraneThe Fe(lll) MP-5, one finds that there are two hydrogen bonds
exchange experiments demonstrate that the hydrogen-bondformed between the>C=0 and H-N< groups in the
ing network sensitively controls the conformation of the peptide backbone. Indeed, when the hydrogen bonding is
porphyrin 6). turned off in the calculation, the optimized structure of five-
The CAQCH Peptide Segment Causes Much of thecoordinate Fe(lll) MP-5 adopts a more saddled and less
Macrocyclic Distortion for Cytochromes cThe nonplanar  ruffled conformation than that of the structure obtained with
distortion of the macrocycle for cytochromess maintained the hydrogen bonding on. This is also true for four-
only in the protein environment; i.e., without the protein coordinate Fe(lll) and Ni(ll) MP-5 (Table 3).
environment, the macrocycle will be nearly plang 10). All of our results support the hypothesis that the macro-
Moreover, a Raman study of Fe(lll) MP-8 by Desbois and oy jic distortion in cytochromes is mainly caused by the
co-workers 54) has shown that the nonplanar conformers peptide segment, including the cysteines and the proximal

observed in the X-ray structures of cytochromesare pigigine. The RR studies on NiCytprovide experimental

probably also present in MP-8 in aqueous micellar solution. ¢ jqence that the macrocyclic distortion decreases as the
They conclude that the nonplanar conformation is essentially ydrogen-bonding network becomes less established in the

due to the three-point attachments between the heme and,evige hackbone. However, even if the protein does show
protein, i.e., the two thioether bridges and the-IHis bond. a less distorted porphyrin at very low pH, consistent with

Indeed, they showed that replacement of the proximal His o, by nothesis, we cannot conclusively show that a particular
with an exogenous His ligand results in a less distorted heme, o iiqe segment actually causes the heme distortion on the
based on the shifts in the frequencies of two Structure- paqjs of these NiCyt-results alone. The problem is that
sensitive Raman lines, af‘dvlo- The use o_f t_hese lines as we cannot say which part of the protein is important, although
markers of the nonplanarity of the porphyrin is based on the \\\; cajculations on MP-5 provide some evidence that the
knovx;]n behavior of these lines upon ruffling of nickel cAQcH segment alone can cause the macrocyclic distortion.
porphyrins b, 21, 28, 55). _ A more recent study of Ni MP-11, which has an attached
The molecular mechanics calculations show that the three-11 3 mino acid segment that includes the five-residue

point ponnection of the pentapepjcide is sufficient, in fact,. to CAQCH segment attached to the Ni porphyrin, shows a very
explain most of the normal-coordinate deformations making nonplanar structure and the alteration of the solution pH

up the observed distortion of the heme of the cytochromes ;)4 ges the degree of the nonplanar distortion under certain
c (9). As shown by our calculations on Fe(lll) MP-5, the  .5nqitions ().

ruffling angle for the pentapeptide is already very close to

the average ruffling angle for all available crystal structures sypMMARY AND CONCLUSIONS

of cytochromeg. Specifically, for the horse cytochronte

crystal structure, the observed ruffling and total distortions  NiCyt-c exhibits acidic conformational transitions that are
are only a little larger than calculated (Table 3). Neverthe- similar to those of iron ferricytochrome At neutral pH,
less, both the ruffling and wavingwpe(x) and wau(y)] NiCyt-c is axially ligated, while at pH extremes, four-
contributions are qualitatively predicted by the calculated coordinate species dominate. The,pf histidine/methion-
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ine ligand loss is 3.5. At least three conformational states 18. Sparks, L. D., Medforth, C. J., Park, M.-S., Chamberlain, J.
exist in the extremely low pH range from pH 0.5 to 2.8. R., Ondrias, M. R., Sengeo, M. O., Smith, K. M., and Shelnutt,

g : : ; J. A. (1993)J. Am. Chem. Soc. 11581-592.
These forms are all four-coordinate but they differ in the 19, Hobbs, J. D.. Majumder, S. A., Luo L., Sickelsmith, G. A.

conformation of the porphyrin macrocycle. Upon lowering Quirke, J. M. E., Medforth, C. J., Smith, K. M., and Shelnutt,
the pH from 3.0 to 1.0, the amount of the nonplanar J. A. (1994)J. Am. Chem. Soc. 118261-3270.

conformer decreases relative to that of the planar conformer 20. Medforth, C. J., Senge, M. O., Forsyth, T. P., Hobbs, J. D.,
for NiCyt-c. This conformational change is associated with ggeegltgg?% A., and Smith, K. M. (1994jorg. Chem. 33
the disruption (_)f the seco_ndary structure and the hydroggn- 21. Jentzen, W., Simpson, M. C., Hobbs, J. D., Song, X., Ema,
bond network in the peptide backbone. In agreement with T.. Nelson, N. Y., Medforth, C. J., Smith, K. M., Veyrat, M.,
this conclusion, MM calculations on Fe(III) and NI(”) MP-5 Mazzanti, M., Ramasseul, R., Marchon, J.-C., Takeuchi, T.,
and model porphyrin compounds show that the ruffling Goddard, W. A,, lll, and Shelnutt, J. A. (199%) Am. Chem.
dihedral angle of the macrocycle increases as the short, _ Soc. 11711085-11097. = ,

covalently linked peptide segment becomes more established. 22. ff’r,\‘/lgé d)f((')-r%ri’, Jcénjieg;nm" f(lé’lvl?'-;_h' ngﬂilﬂﬁﬂ’, 5 A'\\f“(rlcgég))'
Normal-coordinate structural decomposition of the structure J. Am. Chem. Soc. 1182975-12988.

of Fe(lll) MP-5 minimized without the hydrogen bonding  23. Findlay, M. C., and Chien, J. C. W. (197&jr. J. Biochem.
shows that the pentapeptide is sufficient to account for the 76, 79-83.

ruffling and most of the minor deformational contributions 24 f;(%ﬂ, J., and Stellwagen, E. (19BIpchemistry 111195~

to _the conformation with the exc_epnon of saddling. AII_ 5. Goto, Y., Calciano, L. J., and Fink, A. L. (199BJoc. Natl.
evidence supports the hypothesis that the small protein Acad. Sci. U.S.A. 8573-577.

segment causes the heme distortion observed in the crystal 26. Goto, Y., Takahashi, N., and Fink, A. L. (19%ipchemistry

structures of cytochromes 29, 3480-3488.
27. Myer, Y. P., and Saturno, A. F. (1991) Protein Chem. 10
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